Regional aquifer-system compaction and land subsidence accompanying groundwater abstraction in susceptible aquifer systems in the USA is a challenge for managing groundwater resources and mitigating associated hazards. Developments in the assessment of regional subsidence provide more information to constrain analyses and simulation of aquifer-system compaction. Current popular approaches to simulating vertical aquifer-system deformation (compaction), such as those embodied in the aquitard drainage model and the MODFLOW subsidence packages, have proven useful from the perspective of regional groundwater resources assessment. However, these approaches inadequately address related local-scale hazards-ground ruptures and damages to engineered structures on the land surface arising from tensional stresses and strains accompanying groundwater abstraction. This paper presents a brief overview of the general approaches taken by the U.S. Geological Survey toward understanding aquifer-system compaction and subsidence with regard to a) identifying the affected aquifer systems; b) making regional assessments; c) analyzing the governing processes; and d) simulating historical and future groundwater flow and subsidence conditions. Limitations and shortcomings of these approaches, as well as future challenges also are discussed.
Introduction
The abstraction of groundwater for agricultural and municipal-industrial water supplies is a leading cause of subsidence in the United States, and accounts for the majority of anthropogenic subsidence in the nation (Galloway et al., 1999) . Much of the groundwater related subsidence is manifest in the semi-arid West where groundwater is in great demand and withdrawals since the turn of the 20 th century have critically lowered groundwater levels, raised effective stresses and compacted susceptible aquifer systems.
Though the phenomenon of compacting subsurface reservoirs owing to lowered fluid pressures has been recognized since the early 20 th century in oil fields in Texas and California, the study of cause-and-effect relations in regional aquifer-system compaction and subsidence were not begun until later. The approaches developed in pioneering studies principally in California during 1960s-80s invoked the Terzaghi (1925) principle of effective stress and focused on characterizing in situ hydro-mechanical behaviors (vertical deformation) of aquitards. The approaches were decidedly hydrogeological and regional in scale with respect to groundwater flow and subsidence (Poland and Davis, 1969; Poland, 1984) .
The early California studies were done by the United States Geological Survey (USGS) in the context of hazard assessment with respect to the design, development and protection of water conveyance infrastructures (such as the California Aqueduct) in the San Joaquin Valley (Figure 1 ; e.g., see Ireland et al., 1984) , and coastal flood protection measures in the Santa Clara Valley (Poland and Ireland, 1988; Ingebritsen and Jones, 1999) . Though mitigation of subsidence hazards remains a principal motivation for subsidence research, more often, the roles of aquifer-system compaction and the accompanying subsidence are being considered in regional groundwater resource assessments. The problems of groundwater depletion in response to groundwater abstractions include consideration of aquifersystem compaction in many developed groundwater basins. Managing groundwater resources in sustainable ways means balancing the consequences of subsidence hazards against the benefits of producing water supplies.
In this context, USGS subsidence studies have continued to focus on regional scale groundwater flow and storage depletion, arguably with more emphasis on hydrogeological than geomechanical engineering approaches. This paper presents a brief overview of the general approaches taken by the USGS toward understanding aquifer-system compaction and subsidence in the USA with regard to a) identifying the affected aquifer systems, b) making regional assessments, c) analyzing the governing processes, and d) simulating the historical and future groundwater flow and subsidence conditions. Limitations and shortcomings of these approaches, as well as future challenges also are discussed. Valley, California (1925-77) attributed to aquifer-system compaction caused by groundwater abstraction. Signs on pole (1925, 1955) are positioned at approximate former elevations of land surface. Pictured is Dr. J.F. Poland; photograph by R.L. Ireland, USGS, ca. 1977. aquifer systems is attributable to the compaction of aquitards during the typically slow process of aquitard drainage (Tolman and Poland, 1940) . Figure 2 shows 51 selected areas of known subsidence in the USA and the associated principal aquifer systems where subsidence is attributed primarily or secondarily to groundwater or oil and gas abstractions. Subsidence in 47 of the areas is attributed primarily to groundwater abstraction. All but 4 of the 47 subsidence areas produce groundwater from one of six principal aquifer systems -the Basin and Range basin-fill aquifers, the California Coastal Basin aquifers, the Coastal lowlands aquifer system, the Central Valley (California) aquifer system, the Northern Atlantic Coastal Plain aquifer system, and the Rio Grande aquifer system.
Each of the affected principal aquifer systems comprises a large (> 100 m) thickness of Quaternary age unconsolidated deposits with a significant fraction of clay minerals distributed in variable-thickness (< 5 m), discontinuous interbedded layers. Most have a laterally extensive thick (> 10 m) confining unit generally comprising lacustrine deposits. In the western aquifer systems groundwater abstraction for irrigation has been the principal historical water use. Where supplies were available, surface water has been imported to mitigate effects of groundwater depletion.
Where urbanization has replaced agricultural land use, groundwater demand commonly has decreased initially and subsequently has increased steadily with population growth.
Subsidence due to subsurface fluid extraction in coastal regions including those near Houston, Texas, and New Orleans, Louisiana (Coastal lowlands aquifer system), Long Beach and Santa Clara Valley (California Coastal Basin aquifers), and other areas in the Northern Atlantic Coastal Plain aquifer system plays a role in the relative rise of local mean sea level (LMSL). LMSL is affected by land movements attributed to natural subsidence, and sea-level changes attributed to eustasy. The observed rate of eustatic rise is 1 -2 mm/yr (IPCC, 2001) , of which global climate change likely is a significant contributor. Estimated average subsidence rates vary widely and are confounded by estimates of the relative (subsidence and uplift) contributions from isostasy (González and Törnqvist, 2006) . Locally, during the latter part of the 20 th century much of the isostatic decline can be attributed to subsidence caused by the compaction of sediments owing to the abstraction of subsurface fluids; sediment compaction rates greater than 100 mm/yr have been measured in coastal basins while compaction rates attributed to other processes contributing to relative sea-level rise were nearly 1-2 orders of magnitude less. Figure 2 . Selected, known areas of land subsidence, owing primarily or secondarily to groundwater or oil and gas abstractions in the 48 conterminous USA, and associated aquifer systems (modified from Galloway et al., 2008) .
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Subsidence attributed to aquifer-system compaction in the USA generally is largest in magnitude and distribution in the western aquifer systems and in the Houston area of the Coastal lowlands aquifer system. The susceptibility of these aquifer systems to aquifer-system compaction is enhanced because of the large groundwater abstractions and the prevalence of fine-grained (clays and silts) deposits. By virtue of their larger compressibilities under virgin (inelastic) loading conditions, compaction of the finegrained sediments is responsible for most of the subsidence.
Within each principal aquifer system, several to numerous named aquifer systems have been identified and each may comprise multiple individual groundwater subbasins for which various degrees of groundwaterresources assessments have been made. Most of these assessments have focused primarily on the quantity and quality of available groundwater with regard to the demand for groundwater, and secondarily on the expected consequences of developing the resource-subsidence. As such, the basin and (or) aquifer-system hydrogeologic boundaries have been used to define regional accounting units for computing groundwater budgets and formulating other groundwater flow and subsidence assessments.
Because subsidence accompanying aquifer-system compaction is the result of a transient coupled hydromechanical process, the assessment of regional subsidence in these affected basins has followed the assessment of regional groundwater flow. Thus, the USGS approach generally has been first to characterize the steady-state, predevelopment regional groundwater flow system and second to evaluate the transient, post-development hydro-mechanical stresses (abstractions and resulting fluid-pressure and effective stress changes) and the system responses.
Regional assessments
Regional assessments include geologic, geophysical, hydrogeologic, and geodetic reconnaissance and measurement components, and typically some hydrogeologic and geodetic monitoring components. The available data and information are assimilated, and new data needs are identified. Ideally, as feasible, new data are collected. The broad goals are to provide a sound basis to formulate a conceptual model of groundwater flow and aquifer-system compaction, and to provide sufficient spatial and temporal detail from which to base estimates of key hydrogeologic properties governing flow and subsidence. An emphasis is placed on the integration of data from different sources to develop the concepts, property characteristics, and observational data to constrain analyses and simulations.
Geology and Geophysics
Generally the goal is to produce a geologic framework model from which a hydrogeologic framework model is developed. The geologic framework model is an interpretive 3D representation of the subsurface geology of the study area. Structural, stratigraphic and lithologic information assembled from available geologic maps and cross-sections, borehole lithology logs, and surface (including electrical, seismic, magnetic and gravity) and borehole (including electrical, gamma and acoustic) geophysical surveys. An emphasis is placed on defining the distribution of coarseand fine-grained younger Cenozoic deposits (Holocene and Pleistocene), the contacts between the younger and older alluvium (Pliocene) and the consolidated rocks that may constitute the basement of the groundwater flow system.
Hydrogeology
The hydrogeologic characterization generally begins with a definition of the surface-water drainage basin boundaries and acquisition of digital elevation model data. The source areas of natural recharge and discharge are identified, as well as any surface-water bodies that may interact with the groundwater flow system. The available groundwater-level information is plotted and a preliminary potentiometric surface map is used to infer general groundwater flow paths. The boundaries of the groundwater flow system are defined using the available geologic framework model. The hydrostratigraphy is defined, and typically involves combining individual geologic units into hydrogeologic units -constituting water-bearing aquifers and any intervening confining units. The available groundwater quality data are used to constrain the definition of individual aquifers in the system as well as the generalized flow paths. Thus, a preliminary conceptual hydrogeologic framework model is composed.
Available aquifer-system hydraulic property data are used to refine and further constrain the model. Generally, hydraulic property data is scarce for confining units and the distributed thin aquitards (interbeds) adjacent to and within the aquifers. Obtaining this information is one goal of new data collection -drilling, testing, monitoring. New data collection typically focuses on obtaining information in areas where data gaps exist. Sometimes, a preliminary numerical model of the flow system is used to identify sensitive, critical areas where additional data would improve constraints on the hydrogeologic framework model.
Hydrologic monitoring sites are identified taking advantage of existing monitoring installations (stream gages on critical streams; precipitation gages; weather stations; routinely measured groundwater monitoring networks in the basin) where possible. For groundwater-level monitoring the goals are a) to establish the generalized static relations between heads throughout the basin and between individual aquifers within the aquifer system; and b) to define the seasonal and interannual variability in heads in response to climatic and anthropogenic stresses.
Generally, based on the available information, two hydrologic budgets are formulated: one for the pre-development, steady-state flow system; and one for the postdevelopment transient flow system. The steady-state budget attempts to balance natural recharge and discharge fluxes given the distribution of historical, pre-development heads. The transient budget accounts for alterations in the balance owing to groundwater abstractions, changes in land use and any alterations to natural recharge and discharge sources. These preliminary hydrologic budgets typically form the basis for distributing specified fluxes in groundwater flow models (discussed below in section 5).
Geodesy
A regional geodetic assessment is needed to define the temporal and spatial extent of land subsidence in the study area and, where possible, to define relations between aquifer-system compaction, subsidence and any governing hydrogeologic factors. Where historical subsidence maps are unavailable, ancillary or anecdotal information that suggests subsidence may be occurring often is useful and pertinent to regional-scale subsidence processes especially where the subsidence is subtle. Some types of ancillary information that have proven useful in identifying susceptible groundwater basins include increased incidence of damaged wells-protruding and (or) collapsed well casings; repeat adjustments to local geodetic controls; riverine or coastal flooding; conveyance and drainage problems; and ground failures (Galloway et al., 2008, p. 60-67) .
Subsidence reconnaissance typically includes an examination of the available historic geodetic surveys in the study area. Special attention is paid to repeat adjustments of vertical control that may signal changes in the geodetic control networks that mask evidence of subsidence. Interferometric synthetic aperture radar (InSAR) has proven useful as a reconnaissance tool in subsidence related to groundwater abstractions (Galloway and Hoffmann, 2007) . Ground-surface displacements since 1992 can be detected in radiometrically favorable landscapes at high spatial resolution (30 m) and good temporal resolution (about every 35 days) with a potentially high-resolution of displacement (± 5 mm). Figure 3 shows a reconnaissance InSAR image showing subsidence attributed to aquifer-system compaction in Antelope Valley (Mojave Desert), California (Galloway et al., 1998) .
A survey of the existing historical benchmarks combined with any new benchmarks is made using GPS or spirit leveling. Advantage is taken of the ancillary and other reconnaissance information such as InSAR to design the network to optimize coverage of affected areas and to ensure stable geodetic control. The survey results are used to make current subsidence maps, and form the basis for comparison with future repeat surveys of the network (e.g., Sneed et al., 2001 Sneed et al., , 2002 Sneed and Brandt, 2007) . Figure 4 shows an example from the Coachella Valley, California.
The new geodetic and subsidence information can be used with a suite of InSAR or persistent scatterer interferograms (PSI) to develop ground-truthed time-series displacement maps for the period 1992-present for study areas where suitable images and favorable radiometric conditions exist (Galloway and Hoffmann, 2007) . For more precise, accurate and direct measurements of aquifer-system compaction at local scales, borehole extensometers are used. Borehole extensometers measure the change in vertical distance in the interval between the land surface and a reference point or "subsurface benchmark" at the bottom of a deep borehole (Riley, 1986) . If the subsurface benchmark is established below the base of the compacting aquifer system the extensometer can be used as the stable reference or starting point for local geodetic surveys. The deformation history generated by a borehole extensometer provides the basis for stress-strain analysis and modeling that is used to estimate and constrain the material properties governing compaction of the aquifer system (see the Analyses and Simulation sections, 4 and 5).
Several types of early borehole extensometer designs are presented in Poland (1984) . The anchored cable and pipe (free standing and counterweighted) extensometers have been used widely in a number of successful subsidence investigations. More recently, dual-stage counterweighted pipe extensometers ( Figure 5 ) have been used to measure compaction simultaneously in two depth intervals (Heywood, 1993; Metzger et al., 2002) . Counterweighted pipe extensometers are capable of measurement resolutions of 0.01 -0.1 mm (Riley, 1969) .
Multiple position borehole extensometers (MPBXs) that incorporate markers anchored to the formation borehole have been used effectively to monitor subsidence caused by groundwater abstraction. Magnetic markers have been used in the Republic of China (ROC) (Liu et al., 2004; Hwang et al., 2008) to compute vertical displacements in boreholes using repeat borehole logging with magnetic sensors on calibrated lines or tapes to measure temporal changes in marker positions. This method is capable of monitoring ten to several tens of marker positions in a single borehole at measurement resolutions of about 1 -2 mm over depths of several hundred meters.
Horizontal displacement occurs in aquifer systems in response to pumping and seasonal recharge/discharge stresses (Wolff, 1970; Carpenter, 1993; Helm, 1994; Hsieh, 1996; Bawden et al., 2001; Burbey, 2001a Burbey, , 2001b Li, 2007a Li, , 2007b Li, , 2007c . However, historically, in areas of subsidence attributed to fluid abstraction, horizontal displacement of the land surface has been measured at only a few places.
Several kinds of horizontal extensometers are used to measure horizontal ground motion at earth fissures caused by changes in groundwater levels (Carpenter, 1993) . Buried horizontal extensometers constructed of quartz tubes or invar wires are useful when precise, continuous measurements are required on a scale of 3 -30 m. Tape extensometers measure changes across inter-monument distances up to 30 m with repeatability of approximately 0.3 mm.
GPS has the ability to measure both horizontal and vertical movements. Uplift and subsidence associated with managed subsurface fluid production (injection and extraction) is accompanied by measurable horizontal movements in the Earth's crust. If the points are directly on the margin of the subsidence/uplift feature, then the ratio of vertical to horizontal motion may be nearly 1:1 (Bawden et al., 2001) . For example, in the San Gabriel Valley in southern California, groundwater pumping pulled nearby continuous GPS (CGPS) stations inward toward the region of maximum drawdown (Figure 6 ), and record rainfall in the same region in the winter-spring 2005 produced more than 4 cm of uplift with greater than 1 cm of radial outward motion of the nearby CGPS station (King et al., 2007) .
Other promising future applications of InSAR measurements may prove useful in evaluating horizontal deformation in aquifer systems (e.g., Burbey, 2001a Burbey, , 2001b Burbey, , 2002 Burbey, , 2005 Hoffmann and Zebker, 2003) .
Ground-based tripod light detection and ranging (T-LiDAR) is a portable remote sensing instrument that uses an infrared laser to scan the landscape and generate very detailed (centimeter to sub-centimeter) and accurate 3D digital models of the scanned target at distances from 2 to 2000 m. The 3D positional accuracies and laser spot spacing are a function of laser beam divergence and angular step-width, where individual point position accuracies of ± 4 mm at 100 m are common. A full 3D image is obtained by scanning a target from multiple directions to characterize all sides of the target area and to minimize shadowing. T-LiDAR scans imaged from different vantage points are aligned and combined through an algorithm that computes a best-fit surface through the individual points in each scan and then minimizes the misfit between common surfaces in each scan.
Changes in the position of the land surface or a structural subsidence features at scales greater than a few square kilometers.
Analyses
Analysis of the geologic, hydrogeologic and geodetic information is best achieved using an integrated approach. The spatial distributions of susceptible (compressible) aquifer-system deposits and the spatial and temporal distributions of groundwater discharge and recharge stresses, groundwater-level variations, aquifer-system compaction and land-surface displacements are used to determine whether regional groundwater abstraction causes aquifer-system compaction and land subsidence. If so, the assessment information is used to formulate a conceptual model of groundwater flow and land subsidence. A simple approach that has been widely applied to regional groundwater flow and subsidence problems is based on the aquitard drainage model, which uses conventional groundwater flow theory and two principles of consolidation to describe the relations between fluid pressure, intergranular stress and fluid flow: 1) the principle of effective stress (Terzaghi, 1925) , (1a) where p is pore-fluid pressure, and are components of the effective stress and total stress tensors of order two, respectively, i and j for i = 1 to 3 and j = 1 to 3, represent the Cartesian coordinates x, y and z, respectively, and is the Kronecker delta, where 
where σ' zz and σ zz are the vertical effective and total stresses, respectively ( Figure 7) ; and 2) the theory of hydrodynamic lag, which describes the delay in draining aquitards and is explained later in this section. This concept has formed the theoretical basis of many successful subsidence investigations associated with depressuring porous media (Helm, 1984a; Holzer, 1998 feature can be obtained through differencing of precisely aligned T-LiDAR images collected at different times, known as differential LiDAR (Dif-LiDAR). There are two approaches for Dif-LiDAR analysis: absolute and relative. Absolute Dif-LiDAR measures land-surface change by differencing two LiDAR datasets that are georeferenced using GPS. This approach produces the best information of land-surface change, but requires additional field equipment and time for GPS data collection and processing and may be unnecessary for all scientific applications. Alternatively, relative Dif-LiDAR applies the same bestfit surface-matching algorithm used in the alignment of an individual scan to common "stable" regions outside of the area of interest that is changing. This approach is ideal for resolving very detailed spatial changes within a welldefined deformation zone or imaging change in a subset of a larger dataset where absolute positioning is not required. T-LiDAR is an ideal technique for measuring spatial and temporal changes in regions that are actively deforming, but the technique may be too labor intensive for characterizing (Bawden, 2002) . The neighboring continuous GPS stations "vyas" and "lphs" are pulled inward towards the zone of maximum subsidence which generally corresponds with the drawdown cone.
Equation 2 can be generalized for aquifer systems comprising aquifers and aquitards (e.g. Figure 7 ) where the parameters k w s s s
S S S  
and K represent properties of the aquifers, aquitards or the aquifer system.
The aquifer specific storage defined by Jacob (1940) assumed 1-D vertical deformation only (see Cooper, 1966; Gambolati, 1973) with the storage changes proportional to head through the specific storage S s (Cooper, 1966) 
(4) where ᾱ is the vertical skeletal compressibility, β w is the compressibility of water, n is porosity, γ w is the unit weight of water, is the skeletal specific storage, where = ρ w gᾱ and is the water specific storage, where = ρ w gnβ w . The vertical skeletal compressibility, ᾱ , can be defined based on the vertical effective stress and vertical strain by For effective stress changes below the previous maximum effective stress (preconsolidation stress threshold), the compaction or expansion of both aquitards and aquifers is elastic -that is, approximately proportional to the change in effective stress over a moderate range in stress, and fully recoverable if the stress reverts to the initial condition. For effective stress changes above the preconsolidation stress threshold, the "virgin" compaction of aquitards is chiefly inelastic -that is, not fully recoverable upon decrease in effective stress. This virgin compaction includes a recoverable elastic component that is small when compared to the inelastic component. The inelastic and elastic compaction is roughly proportional to the change in logarithm of effective stress. In contrast to aquitards, the compaction of aquifers is chiefly elastic but it may include an inelastic component.
The aquitard drainage model is based on the generality that in developed aquifer systems, aquitards provide water and aquifers transmit it to wells -that flow in aquitards principally is vertical owing to the large contrast in hydraulic conductivity between aquitards and aquifers (generally greater than two orders of magnitude). As such, a 1D form of Equation 2 can be used to describe groundwater flow in aquitards: Terzaghi (1925) developed an analytical solution for an equivalent of Equation 6 to simulate the equilibration of head in a saturated clay sample with uniform initial head where only vertical flow is permitted, in response to a specified instantaneous step change in head at the top and bottom of the sample. This process describes the theory of hydrodynamic lag (consolidation) which was extended to the analysis of aquitard drainage (Riley, 1969) , and subsequently to the simulation of aquitard drainage (Helm, 1975 (Helm, , 1976 .
The theory describes the delay in draining aquitards when heads are lowered in adjacent aquifers, as well as any residual compaction of the aquitards that may continue long Figure 7 . Hydrogeologic units of an idealized aquifer system and interface stresses between a confined aquifer and an aquitard (modified from Galloway et al., 1999, p. 10) .
Regional subsidence accompanying groundwater abstraction and compaction of susceptible aquifer systems 131 after the heads are initially lowered. The application of the hydrodynamic consolidation theory of soil mechanics to aquifer-system compaction has been summarized lucidly by Riley (1969, p. 425-426) .
For a doubly-draining aquitard (or discontinuous interbed), the same aquifer head changes are assumed to occur at the upper and lower surfaces. The time constant for this type of aquitard is (Riley, 1969; Helm, 1975, p. 470 A dimensionless time factor, T D , is defined as
such that for T D equals unity, and τ' is the time required to attain about 93 percent of the ultimate consolidation. Time constants can be computed for both the elastic (τ' e ) and inelastic (τ' v ) stress ranges. Detailed development of the hydrodynamic consolidation theory for soils summarized above for aquitards is given by Scott (1963, p. 162-197) .
A key component of the analyses is to determine whether any observable subsidence can be attributed to virgin or inelastic compaction of the aquifer system. Aquifersystem deformation in the elastic range of stress typically is small and reversible. Seasonal, reversible land surface displacements (subsidence and uplift) of a few cm are typical for many alluvial aquifer systems with significant fractions of fine-grained deposits. Generally, for larger magnitude subsidence that accumulates over annual periods in the presence of declining groundwater levels, inelastic compaction (largely irreversible) is suspected. This analysis involves an evaluation of the preconsolidation stresses in the aquifer system. Paired historical groundwater-level and subsidence time series have been used to estimate the groundwater level threshold corresponding to the onset of inelastic compaction in the aquifer system (Holzer, 1981; Sneed and Galloway, 2000) . The threshold groundwater level is a measure of the initial, predevelopment preconsolidation stress. Subsequent groundwater level lows accompanying groundwater abstraction represent new values of the preconsolidation stress. Water-level fluctuations above previous lows may cause measureable elastic compaction, though depending on the stress history, this deformation may be superimposed on inelastic compaction occurring in relatively thick fine-grained deposits with sufficiently large time constants.
An analysis of regional aquifer-system compaction may include estimates of elastic and inelastic skeletal storage properties made from observable, coincident vertical landsurface or aquifer-system displacements, and changes in aquifer-system hydraulic heads. The approach follows from the relations for k s S and ᾱ given in Equations 4 and 5 for σ' zz expressed in terms of equivalent hydraulic head, and can be written as * * * * * 0 0 ( )
where * denotes material properties of the aquifer system (aquitards and aquifers).
For the case where the total stress is constant Equation 9 reduces to * * * * * 0 0
(10) For examples of estimates based on aquifer-system compaction time series measured in borehole extensometers see Riley (1969) , Hanson (1989) , and Sneed and Galloway (2000) . For an example based on land-surface displacements measured using InSAR see Hoffmann et al. (2001) .
Simulation
Methods to simulate compaction in aquifer systems based on concepts of aquitard drainage were developed by Helm (1972 Helm ( , 1975 Helm ( , 1976 Helm ( , 1978 , Witherspoon and Freeze (1972) , Gambolati and Freeze (1973) , Narasimhan and Witherspoon (1977) , and Neuman et al. (1982) . The numerical formulation of the aquitard drainage model in the 1D (vertical) model COMPAC (Helm, 1984b (Helm, , 1986 led directly to important simulation tools and powerful predictive techniques for land subsidence caused by water-level fluctuations within a confined aquifer system. COMPAC has been used widely to analyze compaction, estimate critical aquifer-system parameters, and predict future subsidence at borehole extensometer sites for which there are detailed records of water-level changes, compaction and (or) subsidence (e.g. Epstein, 1987; Hanson, 1989; Burbey, 2003, 2004; Helm, 2008a, 2008b) .
Regional aquifer-system compaction and land subsidence simulation modules were incorporated into earlier versions of the MODFLOW groundwater flow model (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996) as Interbed Storage packages 1, 2 and 3-IBS1, IBS2, IBS3 (Leake, 1990 (Leake, , 1991 Leake and Prudic, 1991) . The approach implements the concept of interbed storage whereby discontinuous aquitards (termed interbeds) interspersed within aquifers can deform vertically in response to head changes in the adjacent aquifer. The deformation of the interbeds is coupled to the groundwater flow equation through interbed storage. The formulations are based on the aquitard drainage model and individually address different processes (no delayed drainage, delayed drainage, and variable geostatic load and stress dependent hydraulic properties with no delayed drainage). These packages were 132 132 subsequently upgraded for newer versions of MODFLOW (Harbaugh et al., 2000; Harbaugh, 2005) as the SUB package (Hoffmann et al., 2003b) which combines the functionalities of IBS1 and 2, and the SUB-WT package (Leake and Galloway, 2007) which updates the IBS3 package.
Each of the MODFLOW subsidence packages partially couples subsidence (the sum of aquifer-system compaction) to groundwater flow (Equation 2) through the source term, W, and the skeletal specific storage term (Equations 9 and 10). Each of the formulations simulate constant hydraulic conductivity, i.e. stress-dependent hydraulic conductivity is not simulated in the present packages. For each of the packages 3D flow is simulated in aquifers and can be simulated in confining units. Flow in interbeds is not simulated in SUB-WT and in SUB where no-delayed drainage is specified, 1D vertical flow can be simulated in interbeds using the SUB package for systems of interbeds where delayed drainage is specified. The SUB package simulates constant total stress and constant skeletal specific storage and Equation 10 describes the relation between changes in head and compaction, and skeletal specific storage. The SUB-WT package simulates variable total stress and simulates aquitard skeletal specific storage ( k s S  ) as a function of effective stress by solving a nonlinear form of Equation 6 where k s S  and thus s S  is a function of head (Leake and Galloway, 2007) . The relation between effective stress and skeletal specific storage is described using Delayed drainage is simulated explicitly in the SUB package (delay option) by numerical solution of Equation 6 for head in a system of delay interbeds, and using Equation 10 to compute compaction at discrete intervals in the system of interbeds. If delayed drainage is not simulated (SUB package-no delay option) compaction occurs instantaneously with changes in head in the aquifer and its interbeds. This approach is valid for thin interbeds in which heads can equilibrate readily (or within a model time step) with head changes in the surrounding aquifer. It is worth noting that delayed drainage can be simulated with the SUB package using the no-delay option by specifying multiple vertically adjacent model layers comprising interbeds. Delayed drainage is not simulated in the SUB-WT package MODFLOW has been used widely by the USGS and others mostly in Arizona, California and Texas to simulate regional groundwater flow, aquifer-system compaction, and land subsidence (e.g. Hanson et al., 1990 Hanson et al., , 2003 Hanson et al., , 2004 Hanson and Benedict, 1994; Wilson and Gorelick, 1996; Galloway et al., 1998; Kasmarek and Strom, 2002; Hoffmann et al., 2003a; Leighton and Phillips, 2003; Faunt, 2009; . Figure 8 shows simulated results of an inverse model of subsidence in Antelope Valley, California, using the SUB package. MODFLOW has been used in 1D vertical mode, similar to COMPAC, to simulate compaction measured at borehole extensometer sites for which there are detailed records of water-level changes (e.g. Sneed and Galloway, 2000; Pavelko, 2003; Sneed, 2008) .
Limitations and challenges
The chief limitation of the approach described above for analyzing and simulating aquifer-system compaction using the standard groundwater flow equation and the classic storage coefficient is the assumption of 1D vertical stress and strain inherent in the formulation of the skeletal specific storage coefficient. From the perspective of groundwater flow and accounting for the volume of groundwater released from or taken into storage this simplifying assumption is not very limiting. Gambolati et al. (2000) demonstrate that in sedimentary basins the results of 3D fully coupled hydro-mechanical models and 3D flow coupled with 1D subsidence models are practically indistinguishable at any time of practical interest, with the computational cost of the former, however, much higher than the latter.
From a hazards perspective regarding the 3D stresses and strains affecting formation of earth fissures, motions on surface faults and engineered structures on the land surface, the 1D deformation approach is limiting and is inappropriate for evaluating these local effects. Because groundwater sustainability issues increasingly are focusing on consequences of groundwater depletion, these hazard issues are becoming more important in groundwater resources management strategies (Alley et al., 1999) . To address these concerns more rigorous and robust approaches are needed to evaluate 3D stresses and strains accompanying groundwater abstraction. Such modeling approaches based on finite-element formulations of the Biot (1941) poroelastic coupled fluid flow and mechanical deformation are being used to address these local effects (e.g. Hernandez-Marin and Burbey, 2009 ). However, the application of these methods in hydrogeology is currently the subject of ongoing research and not widely accessible to hydrogeologists, costly in terms of commercial software procurement and computational burden, and generally inapplicable in current forms to complex heterogeneous regional groundwater flow problems. Though, in sedimentary basins, a decoupled approach using a 3-D flow model followed by a 3-D mechanical model can be a very good trade-off between a 1D consolidation model and a fully coupled 3D Biot model.
In numerical terms there are definite advantages in using two symmetric positive definite models in place of one large symmetric but indefinite model such as the Biot model that may also display non trivial problems of numerical illconditioning as shown by Ferronato et al. (2001) .
The principal challenge seems to be one of scale as the significant horizontal components of deformation in these systems generally are focused in key local areas where heterogeneities contribute to large lateral variations in vertical stresses, e.g. near pumping wells, the edges of groundwater basins, or near faults or significant facies changes internal to the aquifer system. One interesting new approach might include embedded modeling approaches where local-scale, Biot-type 3D models could be embedded in a simpler regional-scale model. Recent advances in local grid refinement for MODFLOW (Mehl et al., 2006) and extension to embedding finite-element models in regional finite-difference models (Dickinson et al., 2007) suggest that an embedded approach is promising.
Another limitation of the regional MODFLOW approach is the inability presently to model aquifer systems that simultaneously exhibit features simulated by the SUB package (time-dependent drainage and compaction of thick aquitards) and the SUB-WT package (changing geostatic stress and stress-dependent aquitard storage properties). Incorporation of these capabilities into a single subsidence simulator would enhance flexibility and facilitate applications to commonly encountered developed aquifer Figure 8 . Simulated subsidence and drawdown, Antelope Valley, California, 1996-99, constrained by historical terrestrial geodetic measurements and InSAR (Hoffmann et al., 2003a) . a) Model-derived compaction time constants and aquifer-system inelastic skeletal storage coefficients, where * s kv kv S S b   . b) Simulated subsidence and data residuals (simulated minus InSAR-derived). c) Simulated drawdowns and kriged measured drawdowns (from Galloway and Hoffmann, 2007) .
systems with a water table aquifer overlying a confined aquifer.
